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SUMMARY

The regulatory effects of an adjuvant (aluminium hydroxide) on the early phase of the
immune response have been investigated. Adsorbing a soluble antigen (tetanus toxoid) to
aluminium hydroxide led to a significant increase (P<0-001) in antigen-induced T-cell
proliferation (macrophage-T-cell interaction, MTI) making aluminium hydroxide-
adsorbed antigens especially suitable to study immunoregulatory changes in the early
phase of the immune response. First studies revealed that this increase was due to an
enhancement ofantigen uptake by the antigen-presenting cell. However, under conditions
allowing for the uptake of comparable amounts of soluble (TTs) or aluminium
hydroxide-absorbed (TTAL) antigen, T-cell proliferation in response to TTAL was still
higher than in response to TTs. This difference was especially pronounced if suboptimal
antigen concentrations were used and could be explained by differences in the TTs- versus
TTAL-induced release of interleukin-1 (IL-1). Pulsing with TTAL led to a substantial
increase in IL-I release by monocytes (M0) which then subsequently augmented
antigen-induced T-cell proliferation. This was further supported by addition ofexogenous
IL-I to cultures of T cells and TTs-pulsed M0s, which also significantly increased the T
cells' proliferative response. These findings demonstrate that in the early phase of the
immune response, aluminium hydroxide exerts its regulatory effect at the level of the
antigen-presenting and mediator-releasing accessory cell.

Keywords adjuvanticity of aluminium hydroxide antigen uptake, influence of alu-
minium hydroxide IL-I release antigen-specific T-cell proliferation T-cell reactivity
to tetanus toxoid

INTRODUCTION

The efficacy of adjuvants is commonly judged by their influence on immunological functions, i.e.
antibody production and/or resistance to tumours and parasites (Garnham & Humphrey, 1969;
Herberman, 1974; Larsh & Weatherly, 1974; Leclerc, AudibFrt & Chedid, 1978; Sugimoto et al.,
1978; Yamamoto et al., 1978; Bomford, 1980a, b; Mancino & Ovary, 1980). Little is known,
however, about the way adjuvants exert their effects on the individual steps of the immune response.
Yet knowledge of the adjuvants' interrelationship with immunoregulatory events is of utmost
importance for the understanding ofthe adjuvants' mode ofaction as well as for the development of
new adjuvants, which are urgently needed in human prophylaxis (WHO Technical Report Series,
1976). The aim of the study was to investigate functional aspects of adjuvant activity at the cellular
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level. Aluminium hydroxide, one of the most widely employed immunopotentiating substances,
was used as a model system to examine the effect of an adjuvant on the response of human
mononuclear cells to a commonly used antigen (tetanus toxoid). In this paper the influence of
aluminium hydroxide on the early phases of the immune response-antigen uptake and antigen
presentation-is discussed. We report an adjuvant-induced augmentation of macrophage-T-cell
interaction (MTI) in response to tetanus toxoid. This augmentation was due to an increase in
antigen uptake and interleukin-l (IL-I) release by the antigen-presenting cells.

MATERIALS AND METHODS

Isolation andfractionation ofmononuclear cells. Mononuclear cells (MNC) were isolated from
the peripheral blood of tetanus toxoid-immune donors (last tetanus vaccination during the past 5
years) by buoyant density-gradient centrifugation on Lymphoprep (Nyegaard & Co., Oslo,
Norway) (B0yum, 1968). The cells from the interphase were aspirated, washed three times in saline
and resuspended in RPMI 1640 medium supplemented with 15% pooled, heat-inactivated (30 min,
560C) human AB serum, penicillin (100 iu/ml), streptomycin (100 /Pg/ml) and L-glutamine (2 mM)
(complete medium). After removal of adherent cells by multiple incubation steps in plastic petri
dishes (1001, Falcon, Oxnard, CA), a T-enriched mononuclear cell population was prepared by
E-rosetting and centrifugation on Lymphoprep as previously described (Eibl, Mannhalter &
Ahmad, 1982). The T-enriched cell population (which will be referred to as T cells in this paper)
contained 83-97% T cells (as judged by E-rosetting), 1-3% B cells (identified by determination of
surface immunoglobulin positive cells) and less than 0.5% monocytes (MO) (determined by
non-specific esterase staining) (Koski, Poplack & Blaese, 1976).

Antigen. Liquid tetanus toxoid (TTs, stock solution 2500 Lf/ml), aluminium hydroxide-
adsorbed tetanus toxoid (TTAL, stock solution 25 Lf/ml adsorbed to 2 mg/ml aluminium hydroxide)
and aluminium hydroxide (AL, 2 mg/ml) were kindly provided by Immuno AG, Vienna, Austria.

Preparation ofMO monolayers and antigen pulsing. Monocytes were prepared by adherence to
plastic surfaces. Mononuclear cells were suspended at a concentration of 1 x 107 cells/ml complete
medium. 2 ml portions thereof were pipetted into plastic tissue culture plates (Macro Tray 635 TC,
Greiner & Sohne, Kremsmiinster, Austria) and incubated for 3 h at 37°C in a CO2 incubator (5%
CO2 in humidified air). After aspiration of the non-adherent cell population, the MO monolayers
were washed three times with saline and incubated overnight in complete medium. These adherent
cells, which were 87 + 7% (xi + s.d.) esterase positive, were used as the source of antigen-presenting
cells. The MO monolayers were then pulsed in a CO2 incubator at 37°C with TTs, TTAL, or AL at
the concentrations and for the time periods indicated. If not stated otherwise, the antigen
concentration used for pulsing was 5 Lfin I ml and the pulsing time was 3 h for TTs and I h for TTAL
and AL. At the end ofthe pulsing step, the MOs were extensively washed with saline, gently scraped
off with a rubber policeman, resuspended in complete medium and adjusted to the appropriate
concentration (antigen-pulsed MOs). Control MOs were incubated without antigen and treated as
described above.

Antigen-induced T-cell proliferation: assay conditions. T-cell proliferation in response to
MO-associated antigen was determined as previously described (Eibl, Mannhalter & Ahmad,
1982). Briefly, triplicate cultures containing 5 x 104 T cells and 1 x I04 autologous antigen-pulsed or
control MOs in a volume of 0-2 ml complete medium were set up in flat-bottomed microtitre plates
(Microtest II, Falcon) and incubated at 37°C in a CO2 incubator for 7 days. If indicated,
IL- I -containing supernatants prepared as described below by incubating MO monolayers with AL
were added at the beginning of the incubation period to give a final concentration of 25%. T-cell
proliferation was determined by [3H]-thymidine uptake. Incorporated radioactivity was measured
by liquid scintillation counting (Mark III, Searle Analytic Inc., Des Plaines, IL). Results are

expressed as mean dpm + s.e.m.
Antigen uptake studies. Tetanus toxoid was labelled with 125j by the lactoperoxidase-glucose

oxidase method (Marchalonis, 1969). This iodination procedure did not alter the toxoid's binding
characteristics to MOs, as could be demonstrated by competition assays with unlabelled tetanus
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toxoid (data not shown). 0 4 Lf (l15 x 106 cpm) of '25I-labelled tetanus toxoid were then mixed with
cold tetanus toxoid to give a total of 20 Lf of TTs or TTAL in 1 ml of complete medium. Then MO
monolayers were pulsed with these antigen preparations for the time periods indicated. After
removal of free antigen by extensive washing with saline, the MOs were gently scraped off with a
rubber policeman and their number was determined with a Coulter counter.

Antigen uptake was assessed by measuring the amount of MO-associated radoactivity with a
y-counter (Model 1195, Searle). Results, expressed as Lf of tetanus toxoid associated with 1 x 106
MOs, were calculated according to the following formula:

Lf MO-associated = 20 x cpm associated with I x 106 Mo.
cpm added

All experiments were performed in triplicate. The variations in MO-associated radioactivity were
less than 10% within each triplicate.

Stimulation ofIL-l release by human MOs andassay ofIL-I activity. Monocyte monolayers were
prepared as described above. Immediately after removal of the non-adherent cells, TTs (1O and 100
Lf), TTAL (10 Lf) and AL (0 8 mg) in 1 ml RPMI 1640 medium supplemented with 5% pooled,
heat-inactivated human AB serum, L-glutamine and antibiotics were added to the MOs. After a
24-h incubation period at 37 C in a CO2 incubator, the culture supernatants were harvested and
assayed for IL-l activity (IL-1 sups.).

IL-l activity was determined by the mitogenic effect of IL-I on mouse (BALB/c, 4 weeks old)
thymocytes (Gery, Gershon & Waksman, 1972; Lachman, 1983). Triplicate cultures of mouse
thymocytes containing 1-5 x 106 cells and 10% or I1% ofMO culture supernatant in a total volume of
0-2 ml were set up in flat-bottomed microtitre plates (Microtest II, Falcon). PHA (1 pg/ml) was
added if indicated and the cultures were kept at 37 C in a CO2 incubator for 72 h. Thymocyte
proliferation was determined by [3H] thymidine uptake. For control experiments MO monolayers
were incubated with I ml of medium without antigen and the IL-I activity of this supernatant was
determined as described above.

Results expressed as mean A dpm+ s.e.m. were calculated according to the following formula:

A dpm=dpm obtained with IL-I sups. - dpm obtained with medium containing the same
concentrations of the substances used to induce IL-I release.

RESULTS

MTI in response to TTS and TTAL
Coculturing T cells and autologous MOs previously pulsed with the same concentrations of TTs
and TTAL (5 Lf in 1 ml) led to a marked difference in antigen-induced T-cell proliferation (Fig. 1).
The proliferative response to TTAL was significantly (P < 0001, Student's t-test) higher than the
proliferation induced by TTs. In a total of 20 experiments the mean value+ standard error
x+ s.e.m.) of the T-cell response to TTS was 5-9 + 1-6 x 103 dpm as compared to 38-7 + 8-0 x 103 dpm
in response to TTAL. Pulsing the MOs with aluminium hydroxide alone in the same concentration as
in TTAL gave T-cell proliferations around background levels (x dpm+s.e.m.: MOs pulsed with
aluminium hydroxide 0 45+0 05 x 103; unpulsed control MOs 0-37+0-1 x 103).

Antigen uptake and MTI as a function ofpulsing time
If the same amount of antigen (10 Lf in 1 ml) was used for pulsing, TTAL was taken up to a much
greater extent than TTs (Fig. 2, MO-associated antigen). Maximal uptake of TTAL occurred after
30-60 min of pulsing and was at any given time about five to ten times higher than the uptake of
TTs, which reached a plateau between I and 3 h and did not increase if the pulsing was continued for
up to 24 h (data not shown). Figure 2 (MTI) also shows that T-cell proliferation in response to TTAL
parallelled antigen uptake and reached its maximum after I h of pulsing. For TTs however, MTI
increased with increasing pulsing time, although the amount of MO-associated antigen remained
constant after the first hour of pulsing.
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Fig. 1. Macrophage-T-cell interaction in response to soluble or aluminium hydroxide-adsorbed tetanus toxoid.
MOs were pulsed with 5 Lf of soluble (TTs) or aluminium hydroxide-adsorbed (TTAL) tetanus toxoid, or with
aluminium hydroxide alone (AL) in the same concentration as in TTAL (0 4 mg/ml). Pulsed M0s and
autologous T cells were cocultured in the absence of free antigen for 7 days. MTI was determined by
antigen-induced T-cell proliferation and measured by [3H]-thymidine uptake. Each bar represents mean
dpm + s.e.m. of 20 individual experiments. [3H]-thymidine incorporation of T cells cocultured with unpulsed
(control) MOs was less than 500 dpm.

Correlation of antigen uptake and antigen-induced T-cell proliferation
The data from Fig. 3 show that the differences in the T-cell response to TTs and TTAL were not only
due to differences in antigen uptake. Experimental conditions were designed that allowed for the
upake of equal amounts of TTs and TTAL, and antigen-induced T-cell proliferation was compared
with the amount of M0-associated antigen. Despite the presence of the same amount of
M0-associated antigen, T cells proliferated more strongly in response to TTAL-pulsed M0s than in
response to TTs-pulsed M0s. This difference was especially pronounced when low amounts of
antigen were taken up during the antigen-pulsing step.

Induction of IL-I release by TTs and TTAL
As can be seen in Table 1, M0 monolayers stimulated with TTAL released IL-I to a greater extent
than M0s stimulated with TTs. If the direct mitogenicity ofhuman IL- I on mouse thymocytes was
measured, supernatants derived from TTs-stimulated M0 monolayers were almost devoid of IL- I
activity. The more sensitive PHA costimulation assay, however, revealed the presence of IL-1 in
these supernatants, but in concentrations considerably lower than those induced by TTAL. The
results from Table 1 also show that induction of IL-1 release by TTAL was largely due to the
adjuvant. Aluminium hydroxide alone, if used in the same concentration as in TTAL, induced the
release of IL- I activities comparable to TTAL. Furthermore, higher TTs concentrations (100 Lf/ml)
led only to a slight increase of IL-1 in the culture supernatant.

The aluminium hydroxide-induced increase in IL-4 release could not be attributed to IL-1
released into the culture supernatant by M0s possibly killed by the relatively large amount of
aluminium hydroxide applied. Neither pulsing with TTAL nor pulsing with AL (at any of the
concentrations used in this study) was found to be cytotoxic (judged by trypan blue exclusion, data
not shown).
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Fig. 2. Antigen uptake and macrophage-T-cell interaction as a function of pulsing time. To determine MTI,
M0s were pulsed with the antigen (TTs O, or TTAL la; 10 Lf) for the time periods indicated and cocultured with
autologous T cells for 7 days. T-cell proliferation was measured by [3H] thymidine incorporation. Results are
expressed as mean + s.e.m. of three individual experiments. Antigen uptake was assayed by pulsing the MOs
with "25I-labelled antigen (TTs 0, or TTAL E, 10 Lf) for the time periods indicated. Then the amount of
MO-associated radioactivity was determined and expressed as Lf tetanus toxoid associated with 106 Mo.
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Fig. 3. Comparable amounts of MO-associated tetanus toxoid induced a higher T-cell response if the antigen
was adsorbed to aluminium hydroxide. MO monolayers were pulsed with soluble (TTs) or aluminium
hydroxide-adsorbed (TTAL) tetanus toxoid as described in the legends to Figs I and 2. Then the amount of
MO-associated antigen was correlated to antigen-induced T-cell proliferation. *, MO pulsed with TTAL; 0, MO
pulsed with TTs. The figure shows two representative experiments.
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Table 1. Effect of TTs, TTAL and AL on IL-I release by human M0s

Thymocyte
proliferation

MO culture Adpm x 10- 3 + s.e.m.
supernatant in mouse

Stimulant for thymocyte cultures PHA
IL-1 production (0) + -

10 1-1+06 01+004
1 119+1 2 009+004

TTs 100 Lf 10 6.2a 0.9a
1 6.1a l.8a

TTs l0Lf 10 34+20 08+06
1 22+08 04+03

TTAL1OLf 10 239+31 50+08
1 14 2+3 0 3 7+ 1 2

AL (08 mg/ml) 10 302+28 68+08
1 21 9+3 2 4-8+1 3

a Mean of two experiments.
MO monolayers were incubated with medium, TTS (10 and

100 Lf in 1 ml), TTAL (10 Lfin 1 ml) and AL (1 ml, 0-8 mg/ml) for
24 h. IL-1 activity was determined by assaying the mitogenic
effect of the MO culture supernatant on mouse thymocytes in the
presence and absence of PHA. The results represent mean
values + s.e.m. of six individual experiments.

Increase in TTs-induced T-cell proliferation by addition ofexogenous IL-]
The results presented in Table 2 provide evidence for the immunopotentiating effect of aluminium
hydroxide via IL- I release. Addition of exogenous IL- I to cultures ofT cells and TTs-pulsed M0s
led to a significant increase in antigen-induced T-cell proliferation ifcompared to cultures incubated
in its absence. In the absence of antigen, IL- 1 was not stimulatory and gave T-cell proliferations
around background levels.

Table 2. Effect of exogenous IL-1 on TTs-induced MTI

MTI (dpm x 10-3) in response to

Experiment TTs-pulsed MOs Control MOs
no. -IL-1 +IL-1 -IL-1 +IL-1

1 11 6+1 3 245+94 03+0 1 05+02
2 152+01 277+53 09+02 1 1+02
3 33+09 132+1 7 03+0-1 05+02
4 54+1 9 166+29 09+0 1 08+02

MO monolayers were pulsed with TTs (10 Lf) and
cocultured with autologous T cells in the presence and
absence of IL-i-containing culture supernatant (25%
final concentration). IL-i-containing culture superna-
tant was prepared by incubating MO monolayers de-
rived from 2 x 107 MNC with AL (0-8 mg/ml) for 24 h.
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DISCUSSION

Uptake and processing of antigen by accessory cells is considered to be an important step for the
initiation of the immune response (Rosenthal, 1980; Unanue, 1981). While the intracellular events
leading to antigen catabolism have been widely dealt with (Elsbach, 1980; Griffin, 1982), little
information is available on the metabolic processes resulting in re-expression of the antigen in the
membrane of the phagocytic cell. This is especially true for the interrelationship between antigen
processing, antigen re-expression and the release of mediators.

In the present paper we report a marked increase in T-cell proliferation in response to tetanus
toxoid presented by autologous M0s if the antigen used for pulsing was adsorbed to aluminium
hydroxide. First studies examining antigen uptake revealed that adsorbing tetanus toxoid to
aluminium hydroxide led to a much greater amount ofantigen becoming M0-associated during the
pulsing step. In consequence of the increased antigen uptake, an augmentation of antigen-induced
T-cell proliferation could be observed, thus indicating a relationship between the amount of
M0-associated antigen and MTI. This finding is in good agreement with earlier studies performed
by us as well as by others showing that changes in the amount of antigen used for pulsing were
parallelled by changes in the magnitude of MTI (Todd, Reinherz & Schlossman, 1980; Eibl,
Mannhalter & Ahmad, 1982), as well as changes in the efficacy of pulsed M0s to function as
immunoadsorbants for antigen-specific T cells (Mannhalter et al., 1983).

Uptake of tetanus toxoid in the absence of the adjuvant was about ten times lower than in its
presence and was, after up to 3 h ofpulsing, accompanied by a correspondingly low antigen-induced
T-cell proliferation. Increasing the pulsing time led to an augmented MTI, but not to larger
amounts of antigen becoming M0-associated, which indicated that the metabolic pathway
responsible for antigen re-expression had its own kinetics. Studies of antigen catabolism showed
that following antigen uptake the majority ofthe antigen was rapidly degraded and released into the
culture supernatant (Unanue & Askonas, 1968; Mannhalter et al., 1984). Only a small amount of
processed antigen was re-expressed in the M0 membrane in the form suitable to induce MTI
(Ziegler & Unanue, 1981; Malek & Shevach, 1982). This amount might well be increased by
extending the pulsing time.

However, the increase in MTI observed after pulsing with antigen adsorbed to the adjuvant was
not only due to augmented antigen uptake. Under conditions allowing for the uptake of
comparable amounts of antigen, the T-cell response to tetanus toxoid adsorbed to aluminium
hydroxide was still higher than to soluble tetanus toxoid. This difference was especially pronounced
in response to low amounts of MO-associated antigen. Under these conditions one of the signals
required for MTI might be induced or amplified by the adjuvant.

The signals required to induce MTI comprise: (a) processed antigen in the membrane of the
antigen-presenting cell, (b) Ia-like antigen, and (c) mediators produced and released by the
antigen-presenting cell (e.g. IL-I) (Unanue, 1981; Mizel, 1982). Since neither pulsing with soluble
nor pulsing with aluminium hydroxide-adsorbed antigen induced significant changes in the amount
of surface Ta expressed by the antigen-presenting cells (data not shown), our interest focused on the
production and release of mediators. It could be shown that the adjuvant aluminium hydroxide was
a potent inducer of IL-1 release, as had also been demonstated by other investigators for various
substances known to exert adjuvant activity (Mizel, Oppenheim & Rosenstreich, 1978; Togawa,
Oppenheim & Mizel, 1979; Oppenheim et al., 1980). Thus part of the aluminium hydroxide's
adjuvanticity might be due to increased production ofmediators, a finding that correlates well with
recent reports in the literature demonstrating an immunoenhancing activity of IL- I if administered
in vivo shortly after the antigen (Staruch & Wood, 1983). Since IL-l is known to have a marked
effect on T-cell proliferation (Mizel, 1982), the increased amount of IL- I available after pulsing with
aluminium hydroxide-adsorbed antigen might also account for the augmentation of MTI. This was
further supported by addition of exogenous IL- I to cultures ofT cells and TTs-pulsed MOs, which
significantly augmented antigen-induced T-cell proliferation. Although additional influences on
TTAL-induced T-cell proliferation by other mediators such as IL-2 (Palacios, 1982), antigen-specific
inducer factor (Lawrence & Borkowsky, 1983), etc., have to be taken into account as well, the
results presented in this paper strongly suggest that the adjuvant aluminium hydroxide exerts its



I50 J. W. Mannhalter et al.
immunopotentiating effect mainly at the level of antigen presentation (by increasing and/or
accelerating antigen uptake) and IL-1 release.

In contrast to bacterial adjuvants, aluminium hydroxide is free of side effects because of absent
antigenicity, toxicity and pyrogenicity. This and the significant in vitro T-cell response observed
with aluminium hydroxide adsorbed antigen under suboptimal conditions (low antigen concentra-
tions, not recently immunized individuals) make combinations of this adjuvant with antigens
especially suitable for studying immunoregulatory events of the early phase of the immune
response. Using aluminium hydroxide-adsorbed tetanus toxoid we were able to detect immunore-
gulatory changes following tetanus booster immunization (Zlabinger et al., 1984). These changes,
which were expressed by a decrease ofantigen-induced T-cell proliferation shortly after the booster,
could not be observed with soluble tetanus toxoid due to low or absent pre-immunization responses.
Thus, besides its long-known immunopotentiating effect in vivo, this adjuvant might, in
combination with antigen, also facilitate studies of immunoregulation performed in vitro.

The authors wish to thank Dr Hans Eibl for fruitful discussions and Ms Beate Martiner for expert technical
assistance. This work was in part supported by a grant of the Fonds zur F6rderung der wissenschaftlichen
Forschung in Osterreich.
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